Abstract: Massive cyanobacterial blooms frequently occur in the Uruguay River, one of the largest rivers in South America. A heterocytous morphospecies of unique morphology has been repeatedly observed in the river since 2006 in rather high abundances. This morphospecies was preliminarily reported as Anabaena spiroides and Dolichospermum cf. pseudocompactum, but its morphology does not fully correspond with the description of these species, neither with definitions of any Dolichospermum species described so far. A clonal strain designated "strain7" was isolated in 2010 from the Lower Uruguay River and thoroughly characterised from morphological and phylogenetic points of view. An establishment of D. uruguayense spec. nov. was proposed.
IntroductIon
Cyanobacterial classification has been rapidly developing and has recently undergone substantial revisions. Anabaena-like cyanobacteria represent one of the most complicated groups from the taxonomic point of view.
The traditional genus Anabaena was originally composed of a wide variety of morphospecies with and without gas vesicles. Their classification at the species level was based on morphometric parameters, i.e. length and width of all cell types, their shapes, akinete arrangement and the general morphology of filaments (for the reviews see KomáreK & KomárKová 2006; KomáreK & zapomělová 2007 KomáreK & zapomělová , 2008 KomáreK 2013) . However, phylogenetic analyses of planktic (gas-vacuolate) and benthic (non-gas-vacuolate) representatives revealed pronounced differences between these two groups (rajaniemi et al. 2005a, b; Halinen et al. 2008 ) and resulted in reclassification of the main phylogenetic clade of planktic morphospecies into the new genus Dolichospermum (ralFs ex Born. et FlaH.) WaCKlin et al. (WaCKlin et al. 2009 ). Furthermore, two separated phylogenetic lineages of the planktic Anabaena-like cyanobacteria were recognized later and new generic entities Sphaerospermopsis zapomělová et al. (zapomělová et al. 2009, 2010a) and Chrysosporum zapomělová et al. (zapomělová et al. 2012) were established.
However, the classification of Dolichospermum at the species level remains unsolved. The genus encompasses approximately 80 freshwater morphospecies (KomáreK 1996) but many of them are not clearly morphologically delimited (zapomělová et al. 2007, 2008, 2009, 2010b) . A relatively small part of the validly described species has been so far characterized from the phylogenetic point of view. The sequence similarities of 16S rDNA and some other genes are very high within this genus (rajaniemi et al. 2005a; zaPomělová et al. 2011) .
The Uruguay River is one of the largest rivers in South America (>1,800 km; annual discharge 6,230 m 3 .s -1 ). It belongs to the La Plata Basin and forms the boundary of three countries, Brazil, Argentina and Uruguay. One of the main factors affecting the water quality of the Lower Uruguay River is the construction of more than twenty hydropower dams. Other human activities, such as increasing urbanization and the expansion of agriculture, have recently favoured the proliferation of massive blooms of planktic cyanobacteria (Ferrari et al. 2011) .
The cyanobacterial blooms of the Lower Uruguay River usually contain several Dolichospermum morphospecies. High abundances of a compactly coiled morphospecies, preliminarily reported as D. cf. pseudocompactum (Ferrari et al. 2011) , have been repeatedly observed in the river since 2006 (Table 1) . It commonly occurs mainly along a lower part of the river during spring and summer time (Ferrari et al. 2011 ). The identical morphospecies was reported under a name Anabaena cf. spiroides from Río de la Plata estuary (Table 1; sienra & Ferrari 2006) . Compactness of filament coiling of this morphospecies is similar to D. pseudocompactum WatanaBe 1996, but its other morphological features do not fully correspond with the description of this species, neither with definitions of any Dolichospermum species described so far.
The main goal of this study was therefore to provide a detailed polyphasic characterization of the investigated cyanobacterium, to confirm its phylogenetic affiliation to Dolichospermum, to compare it with other Dolichospermum species and to clarify its taxonomic status.
MaterIal and Methods
Sampling. The studied area comprises three sites along the Lower Uruguay River: Nuevo Berlín (NB), Fray Bentos (FB) and Las Cañas (LC). A transect line was established across the width of the river at each of the three sites, and divided into littoral, center and channel zones in each case. Seasonal samplings were carried out from July 2006 to November 2014 according to a biological monitoring program (BoCCardi et al. 2010; Ferrari et al. 2011) . Two extra samplings were performed in summer 2009 and spring 2010, reflecting the occurrence dynamics of cyanobacterial blooms. To acquire the cyanobacterial strain for purposes of this study, living phytoplankton samples were taken in Fray Bentos site (GPS coordinates: 33°06' 24.94"S, 58°15' 36.56"W) in November 2010 using a 20-µm mesh plankton net. A living sample was used for the strain isolation, cultivation and evaluation of morphology. A non-concentrated sample for quantitative analyses was collected from the same site with a bottle and fixed with Lugol solution, following sournia (1978).
Phytoplankton quantification in environmental samples. The taxonomic identification was carried out with light microscope Olympus CX41, using a 1000× magnification. The organisms were measured and photographed with a DXM 1200 and Infinity1 digital camera. The counts were performed with an Olympus CKX41 inverted microscope, following the methodology described by utermöHl (1958). Counts included at least 100 cells of the most abundant species, to yield a confidence interval of 95% with a counting error under 20% (lund et al. 1958 ).
Isolation and cultivation.
A clonal strain was isolated from a sample collected in November 2010 at Fray Bentos sampling site using a glass capillary and an inverted microscope (Olympus IX 71). The strain was designated by a name "strain 7" and maintained in WC medium (Guillard & lorenzen 1972) (Swofford 2003) . The topology for the phylogenetic tree was derived from ML. The GTR+I+G evolutionary model of substitution was found for the best fit to the data using ModelTest 3.7 (Posada 2008) . The parameters (base frequencies, rate matrix of substitution types and shape of gamma distribution) were estimated from the data. 100, 1000 and 1000 bootstrap replicates were performed for ML, MP and NJ analysis, respectively. The nucleotide sequence was deposited at GenBank under the accession number KC297495. P-distances (%) based on the 16S rRNA gene sequences (1270 bp) were computed in BioEdit for selected strains representing species morphologically similar to D. uruguayense strain 7 and/or closest megablast matches from GenBank.
Comparison with similar strains from the Czech Republic. Morphology of the Uruguayan strain 7 was compared with selected Dolichospermum strains with coiled trichomes from the Czech Republic that were highly similar both from morphological and phylogenetic points of view. The list of Dolichospermum strains used in this study is provided in Table 2 . The polyphasic approach was applied on these strains using the same methods as were used for the 3, 4) and in these cases, coils within one and the same trichome were more distant because of geometric reasons. This could be observed at the ends of these double and triple strands where the filaments were sometimes disentangled (Fig. 9) , or in cases where the trichomes were intertwined but their axes of coiling did not overlapped (Figs 3, 4, 10) . However, neighbouring coils of the two or three interlaced filaments always touched or were situated very close to each other, analogously to neighbouring coils of solitary trichomes. Vegetative cells were spherical to barrel-shaped, under environmental conditions more or less isodiametric while under culture conditions slightly elongated. Heterocytes and akinetes were extremely rare in natural populations but some heterocytes were observed in culture, where they were spherical or slightly elongated. The mucilaginous envelope was developed only under culture conditions (Figs. 6, 8 ).
16S rRNA gene phylogeny
Phylogenetic analyses based on the 16S rRNA gene sequences revealed that the studied strain appeared within a clade of the genus Dolichospermum. Clustering with the closest megablast matches from GenBank, however, did not receive significant bootstrap supports in any of the three phylogenetic methods used (ML, MP, NJ; Fig. 12 ). The highest detected percentage 16SrR-NA gene sequence similarity of the studied strain 7 and some other Dolichospermum strains was 98.3% (Ta- Table 3 . Morphometric parameters of the original population of the studied Dolichospermum sp., morphology of the isolated strain under culture conditions, and a comparison with morphology of the same Dolichospermum sp. observed by Ferrari et al. (2011) . The order of the data is as follows: (minimum) 25% quartile-mean-75% quartile (maximum). The values are in micrometers (mm), except of the length:width ratios that are absolute values. Width (mm) (7.1) 8.1-8.6-8.9 (9.7) (7.1) 8.2-8.8-9.8 (11.1) 7.6-8. (Table 4) .
Morphometric parameters

Morphological comparison of strain 7 and similar strains from the Czech Republic
The majority of the closest megablast matches from GenBank with the Uruguayan strain 7 were Dolichospermum strains from the Czech Republic. We therefore performed a detailed morphological comparison of the most similar strains that clustered together with strain 7 in the phylogenetic tree (cluster 1, Fig. 12 ) to see how similar or different the morphology of strain 7 is. Vegetative cell length of strain 7 was comparable with Czech strains from the morphological complex of species D. circinale and D. crassum while its vegetative cell width was at the lower limit of their diversity (Fig.  13) . (Fig. 13) . Trichome coil diameters of strain 7 were at the lower limit of coil diameters of Czech D. circinale and D. crassum strains. The distances between adjacent trichome coils of strain 7 were significantly lower than coil distances in all other strains used for the comparison in this study. This parameter ranged from 0.0 mm to 3.0 mm (mean value 0.2 mm) in solitary trichomes of strain 7, while trichome coil distance of D. flos-aquae 04-53 strain was 3.8-12.3 mm (mean value 8.3 mm). This parameter was even higher in the D. circinale and D. crassum strains: 12-94 mm, with mean values between 22.2 mm and 67.3 mm (depending on the strain; Fig. 14) .
Occurrence frequency of the studied Dolichospermum sp. in the Lower Uruguay River
The occurrence of the studied Dolichospermum morphospecies in the Lower Uruguay River has been reported since 2006 during spring and summer (Table  5 ). The highest abundance (4.2 × 10 5 cells.ml 
dIscussIon
Morphological features of the studied strain from Uruguay did not correspond to any of the Dolichospermum species described so far. The dimensions of all cell types, in combination with kidney-shaped akinetes, distinguish it from other compactly coiled species like D. pseudocompactum, D. compactum, Anabaena eucompacta, and Sphaerospermopsis reniformis. Regarding dimensions of all cell types, the most similar species to strain 7 appears to be D. circinale and D. crassum (Table 6 ). The specific characteristic of the Uruguayan morphospecies, however, is the compact trichome coiling and kidney-shaped akinetes.
The pronounced morphological difference of strain 7 was also apparent in The highest detected percentage 16S rRNA gene sequence similarity between the studied strain 7 and another Dolichospermum representative was 98.3 % (Table 4) . At present, a prokaryotic species is considered to be a group of strains (including the type strain) that are characterized by a certain degree of phenotypic consistency, showing over 97% of 16S ribosomal RNA (rRNA) gene-sequence identity (Vandamme et al. 1996) . From this point of view, strain 7 does not fulfill the conditions to be considered a separate species, as its similarity to other Dolichospermum species is higher than 97%. On the other hand, even higher similarities can be observed among obviously different and accepted species within the genus Dolichospermum (Table 4) .
To describe and unambiguously classify the unique morphospecies of Dolichospermum from the Fig. 11 . Dolichospermum uruguayense, morphology of trichome coiling, vegetative cells, a heterocyte and an akinete. The scale bar represents 10 mm. Holotype. Table 4 . Matrix showing P-distances (%) based on the 16S rRNA gene sequences (1270 bp). All positions containing alignment gaps were only eliminated in pairwise sequence comparison. Strains representing species morphologically similar to D. uruguayense strain 7 were selected for the matrix, as well as representatives of cluster 1 of the herein presented phylogenetic tree (Fig. 12) . The studied strain D. uruguayense strain 7 is in bold. Uruguay River, a taxonomic name is necessary. We decided to erect a new species because we suppose an establishment of a variety would not be appropriate in this case, as it is unclear which one of the existing species should include this potential variety. As was demonstrated in this study, the Dolichospermum morphospecies from the Uruguay River differs from all existing species, although morphological similarities with several of them can be found. Akinetes and heterocytes of this new Dolichospermum species are extremely rare in natural populations and we therefore decided to select a figure as a holotype instead of a preserved sample. This is in accordance with rules of the International Code of Nomenclature for Algae, Fungi and Plants (Art. 40.5.; mCneill et al., 2012). The species is well recognizable in natural samples even without the specialized cells, according to the typical morphology of trichome coiling. We tried to induce heterocyte and akinete formation of strain 7 in culture conditions (desiccation, modified N or P concentrations, varied light intensities). Heterocytes differentiated easily under low nitrogen while we did not manage to induce akinete formation. This indicates the low ability to form akinetes might be an ecological or ecophysiological feature of this species, or maybe a genetic feature or a kind of adaptation.
This species has been reported from the lower Uruguay river (Table 5) (Table 1, Table 5 ) demonstrate that this cyanobacterium can even dominate water blooms, which has to be considered when the role of this species in the ecosystem is assessed or discussed. Dolichospermum uruguayense, sp. nov. KozlíKová-Zapomělová, FerrarI et Pérez Description: Coiled trichomes of varying length, not attenuated towards ends, without mucilaginous sheaths, solitary or in couples and sporadically in triples, one filament twisted inside another (Figs. 3, 4, 7, 9) , constricted at the cell walls. Diameter of coiling (19.6) 28.4-29.5-30.8 (41. 2) mm, distances between adjacent coils of solitary filaments 0.0-0.2-3.0 mm. Terminal cells undifferentiated. Vegetative cells with finely granular contents and aerotopes, spherical or barrel-shaped, compressed during division, (7.1) 8.1-8.6-8.9 (9.7) mm wide. Heterocytes only intercalary, solitary, spherical, (8.1) 9.3-10.2-10.7 (11.7) mm wide. Akinetes kidney-shaped, 22.3-25.0 mm long and 10.0-12.6 mm wide, distant from heterocytes, very rare both in the natural population and under culture conditions. Planktic. 
